Objective: This double-blind, placebo controlled study examined whether menthol inhaled from an electronic cigarette (e-cigarette) would change subjective and withdrawal alleviating effects of intravenous nicotine in young adult smokers. Methods: A total of 32 menthol-preferring smokers and 25 non-menthol-preferring smokers participated in the study that consisted of a random sequence of three different inhaled menthol conditions (0.0%, 0.5%, and 3.2%) across three test sessions (a single menthol condition per session). In each test session (performed at least 24 hours apart), a random order of saline, and two different nicotine infusions of 0.25 mg and 0.5 mg/70 kg of bodyweight were administered, one hour apart, concurrent with menthol inhalation. Results: While menthol did not alter the positive subjective effects of nicotine, menthol significantly enhanced aversive effects of nicotine in nonmenthol-preferring smokers and reduced smoking urges in menthol-preferring smokers. In addition, menthol-preferring smokers reported blunted positive subjective responses to nicotine and less severe nicotine withdrawal after overnight nicotine deprivation. Finally, compared to non-mentholpreferring smokers, menthol-preferring smokers had a significantly lower baseline nicotine metabolite ratio indicating slower nicotine metabolism within our sample of menthol-preferring smokers. Conclusions: Our findings did not support an enhancement of nicotine's positive subjective effects from inhaled menthol. However, as compared to non-menthol-preferring smokers, menthol-preferring smokers had blunted positive subjective responses to nicotine and reduced overnight withdrawal severity that may be partly due to inhibition of nicotine metabolism from chronic exposure to inhaled menthol. Collectively, these results reveal a more complex and nuanced role of inhaled menthol in smokers than previously recognized.
Introduction
Menthol has been an enduring additive in cigarettes since the 1920s and is present at variable levels in nearly all combustible cigarettes, including varieties marketed as non-menthol Gordon et al., 2011) . Accumulating evidence indicates that menthol is not merely a "flavor" in tobacco products, but a bioactive compound with diverse effects including inhibition of nicotine metabolism (Benowitz et al., 2004) , activation of nociceptive and thermal receptors (Farco and Grundmann, 2013) , and allosteric modulation of nicotine acetylcholine receptors (nAChRs) (Ashoor et al., 2013; Hans et al., 2012; Ton et al., 2015) . In addition, menthol can impact behavior through its action as conditioned sensory (Rose and Behm, 2004) and interoceptive cues (Harrison et al., 2017) and when co-administered with nicotine, menthol can alter operant behavior consistent with enhanced nicotine reinforcement (Biswas et al., 2016; Hans et al., 2012; Wang et al., 2014) . Collectively, these various actions of menthol likely influence the initiation, maintenance and cessation of tobacco product use, but an integrated understanding of menthol's role in tobacco use has not yet been established.
The potential reinforcing effects of menthol are especially relevant for tobacco addiction, given that nicotine, the main addictive component of tobacco, is a relatively weak reinforcer when compared to other drugs of abuse (Caggiula et al., 2009; Sorge et al., 2009) . Consequently, the development and maintenance of tobacco addiction may require exposure to a combination of nicotine and additional positive reinforcers. While menthol may play such a role, direct experimental demonstration of such an interaction in humans is complicated by the "brand loyalty" to either menthol or non-menthol cigarettes among smokers (Dawes, 2014) . Committed menthol and non-menthol smokers have different associative learning histories to smoking cues that confound interpretation of differences in subjective and behavioral responses to menthol and non-menthol cigarettes (Rose et al., 2010) . Furthermore, the quantitative measurement of menthol and nicotine interactions in smokers requires precise control over nicotine dose, a challenging experimental condition due to the marked variability in smoking topography among smokers (Guyatt et al., 1989; Kolonen et al., 1992) .
To address these challenges, we developed a human laboratory method that uses concurrent intravenous (IV) nicotine and inhaled menthol. The precisely dosed IV nicotine produces both dose-and time-dependent subjective drug effects similar to smoking (Mello et al., 2013; Rose et al. 1999 ), but without the chemosensory cues provided by mainstream smoke. The inhaled menthol from an electronic cigarette (e-cigarette), while producing characteristic chemosensory cues, is devoid of other cues present in tobacco smoke, including nicotine. Using this design, we sought to measure the interactive effects of nicotine and menthol on acute positive subjective effects when administered concurrently to young smokers stratified by smoking preference. The positive drug effects were operationalized by the good effects factor of the Drug Effects Questionnaire (DEQ) that is comprised of the items "like drug effects" and "would like more of the drug" (Morean et al., 2013) . Two primary hypotheses were tested; (a) concurrent menthol and nicotine administration would lead to greater self-reported positive drug effects than either menthol or nicotine alone, or placebo, and (b) the enhancement of nicotine's positive subjective effects by menthol would be greater in menthol-preferring smokers (MSs) than in non-menthol-preferring smokers (NMSs).
Methods

Subjects
A total of 116, young adult (aged 18-30 years), non-treatmentseeking cigarette smokers were recruited from the New Haven, Connecticut area. Young adults were chosen as the study population because of the persistently high prevalence of mentholated tobacco product use in this age group (Giovino et al., 2015; Rock et al., 2010; Villanti et al., 2016) . Since the safety of IV nicotine administration has not been examined in smokers younger than 18 years, only individuals over 18 years were included. Potential participants were required to smoke at least one cigarette/day for the past year (verified by a screening urine cotinine >100 ng/mL as measured by rapid immunochromatographic assay (NicAlert, Nymox Corporation, Hasbrouck Heights, New Jersey, USA)) to ensure that both dependent and non-dependent smokers would be enrolled. Both MSs and NMSs were recruited and prior e-cigarette experience was not required. Participants were medically healthy and did not meet criteria for current Axis I psychiatric disorders, including alcohol or drug dependence (other than nicotine), as determined by the Structured Clinical Interview for Diagnostic and Statistical Manual of Mental Disorders (First et al., 1996) and urine drug screening for cocaine, amphetamines, benzodiazepines, barbiturates, and opioids. Seventy participants were eligible for participation with 63 participants randomized after completion of the training session. Of these, six participants with repeated no-shows were excluded before any test session participation. There were 57 participants in the first test session, 48 in the second, and 43 in the third test session. The protocol was approved by the Yale University and United States Department of Veterans Affairs (VA) Connecticut Healthcare institutional review boards. Written informed consent was provided prior to participation, for which participants were compensated.
Experiment design
This outpatient, double-blind, placebo-controlled study consisted of an adaptation session followed by three test sessions. As shown in Figure 1 , all participants were randomized to a test session order and received control menthol (0.0%+tobacco flavor), low menthol (0.5%+tobacco flavor), and high menthol (3.2%+tobacco flavor) by standardized inhalation from an e-cigarette just prior to each nicotine infusion (a single menthol condition for each test session). Within each test session, all 3 IV nicotine conditions were tested by delivering saline, nicotine at 0.25 mg nicotine/70 kg and nicotine at 0.5 mg nicotine/70 kg, one hour apart, in a random order just after the last inhalation. For a given participant, the randomized nicotine infusion sequence was fixed across the three test sessions, each performed at least 24 h apart.
Adaptation session. To reduce variability in menthol delivery, participants were introduced to the operation of the test e-cigarette, then coached on inhaling more softly, but for longer (3-4 s) than is typical for combustible cigarettes (Farsalinos et al., 2013; Vansickel and Eissenberg, 2013) . The practice e-cigarette contained tobacco flavor and 0.0% menthol. Participants were instructed to avoid exposure to menthol products (other than their usual brand of cigarettes) for 24 h prior to each test session, and to abstain from smoking and eating after midnight prior to test sessions. Typical morning caffeine intake was encouraged to Figure 1 . Schematic depiction of experimental design. Following the adaptation session, participants were randomized to one of three menthol conditions (0.0%, 0.5%, or 3.2%) for each test day. Within each test session, participants received a randomized intravenous (IV) nicotine sequence consisting of all three nicotine conditions: placebo (saline), low dose nicotine (0.25 mg/70 kg) and high dose nicotine (0.5 mg /70 kg), each given one-hour apart. Each infusion was preceded by six puffs from the electronic cigarette (e-cigarette). For a given participant, the same randomized IV nicotine infusion sequence was used on each test day. The red arrows reflect an exemplar randomization of a participant for menthol condition (low menthol, high menthol, then tobacco flavor) and IV nicotine sequence (saline, high nicotine, then low nicotine).
avoid withdrawal symptoms that might confound interpretation of study measures.
Test sessions. Test sessions started between 08:00-09:00. Participants were first evaluated for exclusionary drug use and pregnancy by urine testing, as well as for recent smoking (breath carbon monoxide (CO)≤10 ppm; Vitalograph, Inc., Lenexa, Kansas, USA) and recent alcohol use (breathalyzer, Alco-Sensor IV, Intoximeters, Inc., St Louis, MO, USA). After a light breakfast, an indwelling 20-gauge, flexible catheter with multiple ports was inserted into an antecubital vein for blood sampling and infusions. Heart rhythm was monitored with a three-lead electrocardiogram and blood pressures were acquired using an arm cuff placed opposite to the catheterized arm.
Drugs Menthol administration. Each e-liquid (prepared by Pace
Engineering Concepts (Delafield, Wisconsin, USA)) contained the same concentration of "Burley" tobacco flavor (Tobacco Technology Inc., Eldersburg, Maryland, USA) in a 75% propylene glycol/25% vegetable glycerin base mixture (both from Hydrite Chemical Co., Brookfield, Wisconsin, USA). Tobacco flavor was used as the control condition because of its familiarity to all smokers and its relatively neutral appeal profile as an e-cigarette flavor (Goldenson et al., 2016) . The menthol doses utilized were pre-determined in a dose-finding study (Rosbrook and Green, 2016) . The low dose contained the minimally perceptible menthol concentration (0.5%), and is within the range of e-liquids marketed to consumers with a preference for low menthol impact. The high dose menthol (3.2%) produced the same cooling sensation as commercially available mentholated e-liquids and is within the range of e-liquids marketed to menthol-preferring consumers (i.e. as from AmericaneLiquidStore). After menthol content and the absence of nicotine in the stock e-liquids were verified by laboratory (PJ), the solutions were aliquoted into sealed, 5 mL amber glass vials and stored at 70-75°F. Just prior to each test session, 1.5 mL of the assigned e-liquid was transferred to the e-cigarette tank (2 mL capacity) of a Joyetech eGo-C configured with a single coil atomizer (2.2 ohm) and a 650-mAH battery operating at 3.7 volts (6.2 W). Participants took six inhalations, one every 15 s, over 90 s just prior to each of the three infusions. As reported elsewhere, this procedure resulted in highly significant, dose-dependent increases of venous plasma menthol glucuronide (a biomarker of menthol exposure) after inhalation that was proportional to the menthol solution concentrations inhaled by our study sample (Jatlow et al., 2018) .
Nicotine administration. Nicotine bitartrate (Interchem Corporation, Paramus, New Jersey, USA) infusates were prepared by the research pharmacy in 5 mL of physiological saline. Just after the last of six inhalations, a 30-second infusion was administered by a study physician, each given one hour apart. The nicotine doses chosen (0.25 and 0.5 mg/70 kg) are equivalent to the nicotine delivered by smoking half of a cigarette, which ranges from 0.25-1 mg (Benowitz, 2008) . In our previous studies, these doses of nicotine were well tolerated, yet produced robust positive and negative subjective effects (Sofuoglu et al., , 2012 Sofuoglu et al., 2008 Sofuoglu et al., , 2011 . The infusions were given one hour apart because this interval allows subjective responses to return to baseline (Sofuoglu et al., 2005 (Sofuoglu et al., , 2008 (Sofuoglu et al., , 2012 .
Outcome measures
The outcome measures assessed subjective and biochemical domains. In addition, heart rate and blood pressure were assessed for safety reasons and will not be discussed further.
Subjective. Measures included the DEQ, the Brief Questionnaire of Smoking Urges (BQSU), and the Minnesota Nicotine Withdrawal Scale (MNWS). The DEQ captured acute drug effects by recording participants' response intensity on a 100 mm visual analogue scale ranging from "not at all" to "extremely." The DEQ consisted of 11 items: cooling effect, dislike the sensation, any sensations (in mouth, throat or chest), feel a drug effect, high, feel stimulated, feel a head rush, like drug effect, dislike any effects, craving a cigarette, and would like more of the drug. The DEQ items were clustered into four different factors. The DEQ items of "like drug effect" and "would like more of the drug" were averaged to obtain a summary score representing a good effects factor, which was the main study outcome. The items "feel a drug effect," "high" and "feel stimulated" were averaged to represent a composite stimulatory effects factor (Morean et al., 2013) . The "dislike any effects" and "cooling effect" items were analyzed as independent factors. The DEQ was administered just before and after inhalations, and then at 1, 3, 5, 8, and 10 min post-infusion.
The BQSU is a 10-item scale with two factors rated on a seven-point Likert scale: Factor 1 reflects urges to smoke for stimulation, and Factor 2 reflects urges to smoke to relieve negative mood and withdrawal (Cox et al., 2001; Tiffany and Drobes, 1991) . BQSU ratings were collected at baseline with an additional BQSU assessment after each infusion. The MNWS is a widely used eight-item scale measuring symptoms of tobacco withdrawal (Hughes and Hatsukami, 1986) . It was collected after overnight nicotine deprivation (just prior to the start of each test session), and again at the end of each test session.
Biochemical. Baseline plasma samples were collected for determination of plasma nicotine, cotinine and 3'-hydroxycotinine (3HC) concentrations for derivation of the nicotine metabolite ratio (NMR=3HC/cotinine) of each participant (Sofuoglu et al., 2012) . The NMR, which reflects the activity of cytochrome (CYP) P450 2A6 and thereby, the rate of nicotine metabolism (Dempsey et al., 2004) , was calculated to assess for potential differences in nicotine metabolism between participants stratified by menthol preference. Previous studies have demonstrated that menthol may inhibit nicotine metabolism, and compared to NMS, MSs have been shown to have lower NMR values (Benowitz et al., 2004; Fagan et al., 2016) . Unconjugated plasma nicotine and 3HC concentrations were assayed using high-performance liquid chromatography interfaced with tandem mass spectrometry (LC/MS/MS) as previously described (Sofuoglu et al., 2012) .
Statistical analysis
The main outcome was the good effects factor of the DEQ, which included the average peak values of the "like drug effect" and "would like more of the drug" items of the DEQ. In addition, the stimulatory effects factor, and dislike and cooling items were analyzed separately as secondary outcomes. The DEQ measures were assessed for normality. Since the DEQ measures were skewed, square root transformations were used to bring the variables more in line with the normal distribution. We used a mixed effects model with a between-subject effect of cigarette preference (MSs vs NMSs), within-subject effects of menthol dose (0.0%, 0.5%, 3.2%) and nicotine dose (saline, 0.25 mg/70 kg, 0.5 mg/70 kg), and all possible interactions. Session (test session 1, 2, or 3; menthol condition randomized across sessions) and period (order of nicotine or saline conditions within sessions) were also added to the models to account for period effects in menthol and nicotine administrations, respectively. Random effects for subject, menthol dose, and nicotine dose within subject were used to model the correlations among repeated measures on the same individual. This was the best-fitting structure identified based on Akaike's and Schwartz-Bayesian Information Criteria (AIC and BIC respectively) for all outcomes. Least square means and standard errors were calculated to describe the patterns of means for each outcome. Effect slices were tested to explain significant interactions in the models. Pairwise comparisons of least square means were used to describe significant main effects.
A mixed model approach was also used for the analysis of MNWS and BQSU outcomes. Analysis of BQSU subscales (Factor 1, Factor 2) included nicotine infusion as a within-subject factor with five levels (pre-nicotine infusion, dose during first, second and third infusion, and post-infusion). MNWS and BQSU analyses included cigarette preference (MSs vs NMSs) as a between-subject factor. The MNWS model did not include a within-subject effect of nicotine because it was only administered before and after each test session.
MSs and NMSs were compared on baseline demographics, biochemical and self-reported tobacco product use indicators, and NMR values, using t-tests for continuous variables and chi-square or Fisher's exact tests for categorical outcomes (Table 1) .
Results
Selected statistical results for primary outcomes are described below and full statistical results are presented in the Supplementary Material Table 1 .
Baseline variables
MSs were more likely to be female and African American than NMSs (p<0.001) and have less experience with e-cigarettes (p<0.05). There were no significant differences on other baseline variables (Table 1) .
Nicotine metabolite ratio
The baseline NMR value of 0.29 (0.19) in MSs was significantly lower than the NMR value of 0.55 (0.35) in NMSs (p<0.05, Table  1 ) indicating slower nicotine metabolism within the MSs of our study population.
Subjective effects
DEQ. For the good effects factor, NMSs reported higher ratings compared to MSs (main effect for cigarette preference: F(1,162)=8.20, p=0.005) (Figure 2(a) ). The responses were nicotine dose-dependent (main effect for nicotine: F(2,105)=15.06, p<0.0001; high dose>low dose>placebo (all p-values <0.05)).
For the stimulatory effects factor, NMSs, compared to MSs, reported greater effects from high (p<0.001) and low dose (p<0.05) nicotine, but not saline (p>0.05) (cigarette preference by nicotine interaction: F(2,163)=7.95, p=0.0005), and greater overall "stimulated" effects (main effect for cigarette preference: F(1,163)=5.28, p=0.02) (Figure 2(b) ). The ratings for the stimulatory effects factor were nicotine dose-dependent (main effect for nicotine: F(2,105)=73.61, p<0.0001; high dose>low dose>placebo, all p-values<0.0001).
For the dislike effects item, a significant effect of menthol was observed in NMSs, but not in MSs, in response to high (p<0.05) and low nicotine (p<0.01) doses, but not to saline (p>0.05) (three-way interaction between cigarette preference, menthol, and nicotine: F(4,162)=2.47, p=0.05; high dose>low dose>placebo menthol) (Figure 2(c) ). The rating of "dislike any effects" was greater in response to high dose menthol than in the no menthol condition (p<0.01) (main effect of menthol: F(2,85)=4.57, p=0.01; high menthol>no menthol).
For the cooling effect of menthol (Figure 2(d) ), a significant dose-dependent increase was observed within both MSs and NMSs (main effect for menthol: F(2,85)=40.87, p<0.0001; high dose>low dose>no dose (all p-values<0.0001)).
Measures of craving and withdrawal
BQSU Factor 1 scores after high dose nicotine were lower than baseline and pre-infusion scores (main effect of nicotine: F(4,209)=2.85, p=0.02) and were lower in MSs as compared to NMSs (main effect of cigarette preference: F(1,325)=3. 83, p=0.05) . Compared to the no menthol condition, BSQU Factor 2 scores were lower after high and low dose menthol in MS (all p-values <0.05) (menthol dose by cigarette preference interaction: F(2,325) =5.20, p=0.006 ), but the difference was in the opposite direction and not significant for NMSs (Figure 3(a) ). The mean total MNWS scores, collected just prior to the start of each test session, are displayed by cigarette preference in Figure  3 
Discussion
This study produced several key findings. First, inhaled menthol did not alter the positive subjective effects of nicotine (i.e. good effects factor), or of saline, in either MSs or NMSs but enhanced the "dislike" of nicotine, but only in NMSs. Second, inhaled menthol reduced urges to smoke in MSs, but not in NMSs. Third, compared to NMSs, MSs reported less positive subjective responses to IV nicotine and less severe withdrawal following overnight nicotine deprivation. Lastly, MSs had a lower NMR than NMSs, suggesting that MSs cleared nicotine more slowly than the NMSs in our study sample of young smokers. Collectively, these findings do not support our primary study hypotheses regarding menthol's positive subjective effects but, as discussed below, provide additional insight into other possible mechanisms by which menthol impacts tobacco use behavior.
As positive drug effects correlate with drug reinforcement, the absence of positive subjective effects from inhaled menthol, alone or in combination with nicotine, suggests that menthol may not be a simple primary positive reinforcer in smokers, or one that adds to the reinforcing effects of nicotine. These findings are in general agreement with several preclinical and clinical studies. For example, in a recent animal study, oral menthol administration, as compared to oral sucrose or saccharin, did not induce either phasic dopamine release in the nucleus accumbens or an alteration in IV nicotine self-administration, suggesting the absence of menthol reinforcement (Wickham et al., 2018) . Further, in a recent study of 32 adult smokers, inhalation of e-liquids with a range of nicotine (0, 6, 12, 18 , and 24 mg/mL) and menthol (0%, 0.5%, and 3.5%) concentrations were only "slightly liked" and the degree of liking did not vary across nicotine or menthol concentrations (Rosbrook and Green, 2016) . In contrast, we observed that inhaled menthol dose-dependently enhanced the rating of "dislike" after nicotine administration, but only in NMSs. Furthermore, in the absence of nicotine (i.e. saline infusion only), neither the low, nor the high dose of menthol produced more disliking as compared to the control (tobacco) flavor without menthol, while menthol inhalation did produce dose-dependent "cooling effects" that did not differ between MS and NMS. Collectively, these results suggest that the enhanced dislike ratings in NMS observed after menthol plus nicotine administration are not simply due to the disliking of inhaled menthol, but rather represent menthol's enhancement of nicotine disliking. Since nicotine was given intravenously, this effect is independent of chemosensory interactions between menthol and nicotine in the respiratory tract.
In addition, our finding that both high and low doses of menthol, as compared to the no menthol control, alleviated urges to smoke to relieve negative mood and withdrawal (BQSU Factor 2) in MSs, but not in NMSs, is consistent with other studies demonstrating that with habitual menthol inhalation, menthol becomes a conditioned cue that alleviates smoking urges (Ahijevych and Garrett, 2004; Wang et al., 2014) . In addition, the high dose of nicotine, as compared to both the low dose of nicotine, and saline, reduced smoking urges as measured by both Factor 1 and Factor 2 of the BQSU, but inhaled menthol did not enhance nicotine's effect on smoking urge reduction. These two findings suggest that menthol and nicotine's effects on reducing urges to smoke are not additive, but are due to differing stimulus properties of drug and conditioned cues that become manifest when they are experimentally dissociated in MSs. Collectively, these findings suggest that within MSs, menthol can function as a conditioned cue that predicts nicotine delivery thereby providing negative reinforcement through the acute alleviation of urges to smoke that develop during abstinence. However, in a preclinical nicotine self-administration model, a conditioned menthol stimulus has been shown to reinstate extinguished nicotine-seeking behavior, a finding consistent with the possibility that menthol may also serve as a conditioned cue that triggers nicotine craving and relapse (Harrison et al., 2017) . To the best of our knowledge, studies examining the influence of menthol on smoking urges in MSs and NMSs have not been conducted. An improved understanding of how conditioned responses to menthol cues impact complex behavior during different states of nicotine deprivation may guide more effective interventions for smoking cessation.
The differences between MSs and NMSs in the positive subjective responses to nicotine (i.e. blunted sensitivity in MSs) and in nicotine withdrawal intensity (decreased in MSs after overnight abstinence), are consistent with findings from our previous IV nicotine study conducted in an independent sample of dependent smokers that used higher nicotine doses (0.5 and 1.0 mg) without concurrent menthol administration (DeVito et al., 2016) . In that study, when compared to NMSs, MSs did not show separation between the 0.5 and 1 mg nicotine doses for the rating of "good effects", and showed a trend for less severe withdrawal following overnight abstinence (DeVito et al., 2016) . Together, the findings from these two independent samples of smokers suggest that long-term, but not acute, exposure to menthol may change sensitivity to nicotine. This possibility is consistent with the finding of a blunted sensitivity to nicotine's acute effects in MSs, as indexed by a higher nicotine threshold dose than in NMSs, for behavioral discrimination of the nicotine content in combustible cigarettes (Perkins et al., 2017) . As pointed out in a recent commentary, the duration of menthol exposure may be critical to its effects on nicotine reward (Lallai and Fowler, 2017) . For example, an 11-day infusion of menthol in mice inhibited nicotine reward, as assessed with the conditioned place paradigm (CPP) (Henderson et al., 2016) , while menthol and nicotine acted synergistically to enhance reward in the CPP following acute exposure (Henderson et al., 2017) . These preclinical differences suggest that clinically relevant effects of habitual mentholated cigarette smoking may be better modeled by a longer duration of menthol exposure, rather than the acute menthol treatments utilized in the majority of preclinical studies (Ashoor et al., 2013; Hans et al., 2012; Ton et al., 2015) .
The striking group differences we observed in nicotine reinforcement and withdrawal between NMSs and MSs may be partly due to menthol's inhibitory effects on nicotine metabolism (Benowitz et al., 2004; Fagan et al., 2016) . A slower rate of nicotine metabolism, as assessed by a lower NMR in our MS sample, is associated with lower urges to smoke and less severe withdrawal symptoms following nicotine deprivation, as well as reduced positive subjective effects to IV nicotine (Falcone et al., 2016; Sofuoglu et al., 2012) . Because our study sample of MSs were predominantly African-American males and females, while most of the NMSs were male Caucasians, we cannot exclude the possibility that the group differences in NMR we observed are due to sex and ethnicity. It has been difficult to experimentally separate the influence of menthol, from racial and ethnicity effects on nicotine metabolism, because MSs are so frequently overrepresented by African-Americans. However, a recent study of 186 young menthol and non-menthol smokers found that the lower NMR in menthol smokers remained significant after controlling for race/ethnicity (Fagan et al., 2016) . This finding supports the possibility that a significant amount of the between group variance in our experimental findings is due to decreased nicotine clearance in participants with chronic exposure to inhaled menthol, rather than the racial or cultural disparity in our study sample. Further studies that carefully balance sex and race across cigarette preference will be needed to more precisely quantitate the relative contributions of habitual menthol inhalation, sex, and race to the interaction between nicotine metabolism and smoking behavior.
In addition to inhibition of nicotine metabolism (Benowitz et al., 2004; MacDougall et al., 2003) , menthol may modulate nicotine's pharmacological effects through additional mechanisms. Menthol's cooling and anti-irritant effects, which are likely mediated through transient receptor potential (TRP) channels, can counteract nicotine's local aversive effects (Liu et al., 2013; Peier et al., 2002) . For example, in a two-bottle choice task, oral menthol reversed oral nicotine aversion (Wickham et al., 2018) . Furthermore, a variation in the gene for TRPA1, a cold-sensitive cation channel modulated by menthol, mediates individual differences in menthol preference among smokers (Uhl et al., 2011) . Finally, menthol's direct allosteric inhibition, and enhanced desensitization, of nAChRs represent additional biological mechanisms by which menthol modulates nicotine's effects, including a reduction in the positive rewarding effects nicotine (Ashoor et al., 2013; Hans et al., 2012; Ton et al., 2015) . It is presently unclear if such effects represent peripheral or central effects of menthol. Although these peripheral effects occur prior to menthol's systemic absorption, there is experimental evidence suggesting that menthol may also have central nervous system (CNS) effects. For example, after intraperitoneal menthol administration in mice, brain levels of menthol rise rapidly over five minutes (Pan et al., 2012) and inhibit chemically induced seizures (Zhang et al., 2008) . In addition, menthol administered intravenously in mice dose-dependently increases locomotor activity (Umezu et al., 2001) . Whether central mechanisms also contribute to menthol's typical effects following tobacco product use in humans remains to be determined.
A strength of our model is the ability to examine dose-dependent effects of menthol and nicotine, alone or in combination, on multiple subjective measures in smokers stratified by cigarette preference. Furthermore, by using an e-cigarette to deliver menthol, local sensory cues of menthol similar to those produced by menthol cigarette smoking were maintained, but disassociated from the chemosensory cues provided by nicotine and other chemicals present in mainstream smoke. While both IV nicotine and nicotine inhaled from a cigarette result in similarly rapid subjective effects, nicotine administered intravenously provides precise dosing and minimizes conditioned responses to the harshness, bitter taste, and other oral and respiratory tract effects of nicotine. Our observation of the anticipated, dose-dependent increases in the ratings of the stimulatory effect and good effect factors after IV nicotine, and dose-dependent enhancement of "coolness" ratings by menthol, represent positive control conditions within our model that increase the validity of our novel findings.
As discussed above, a primary limitation of this study was the unbalanced ethnicity and sex distribution across MSs and NMSs that may confound interpretation of several study outcomes, including withdrawal severity and subjective effects of nicotine (Bello et al., 2016; DeVito et al., 2014; Robinson et al., 2014) . Another limitation is the narrow age range of the study participants, 18-30 years, which may limit the generalizability of these findings to other age groups. Finally, an additional limitation is the possibility that the group differences in prior e-cigarette experience contributed to the differences between MSs and NMSs, as experience with e-cigarettes may improve the efficiency of vaping (Farsalinos et al., 2013; Vansickel and Eissenberg, 2013) . However, following menthol inhalation, MSs and NMSs did not differ in their ratings of "coolness", or in their plasma levels of menthol glucuronide (Jatlow et al., 2018) , making it less likely that the differences in e-cigarette experience between groups resulted in variable menthol delivery that contributed to the differences we observed.
Our results have important implications for tobacco regulatory science because they identify potential mechanisms by which menthol may impact tobacco use that are separate from the established direct interactions between menthol and nicotine in the respiratory tract, and therefore, highlight significant gaps in our knowledge of menthol's effects in relation to tobacco use. These gaps include (a) the neurobiological, behavioral, and metabolic impact of chronic exposure to inhaled menthol, (b) a clarification of central vs local effects of menthol following inhalation, and (c) the development of models that will capture the effects of menthol in different stages of tobacco use (e.g. initiation, established smoking, and cessation). Future studies could utilize a cross-over design (e.g., switching menthol smokers to non-menthol cigarettes) to reduce the impact of individual variation (e.g. race, sex, age) on study outcomes.
